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Abstract 
Supercritical flows in natural open channel show very complicated behavior due to shockwaves, roll waves, and superelevations. 
Traces of debris flows often show large difference in height at inner and outer sides of curved channels, and not only that, 
superelevation of debris flow is larger than that of pure water. This behavior of debris flow may cause underestimation of channel 
section design or unexpected bank erosion. Therefore, accumulation of observation data is important to estimate hydraulic 
characteristics of debris flows at curved channels. We conducted continuous field observations at Sakura–jima volcano, Japan, 
introducing laser profile scanners (LPSs) to acquire surface geometry of debris flows, especially superelevation at curved 
channels. The LPS can measure distance from sensor to obstacles with sufficiently high resolution to document superelevations 
and spillway flow profiles both in space and time on a survey line. A debris flow that occurred at Arimura River, Sakura–jima 
volcano on January 17, 2018 is well documented by LPSs. Data from the debris flow compared with coefficient in current model, 
which indicates traction/viscosity and potential superelevation of the debris–flow front is under–predicted assuming the flow is 
super–critical pure water flow. 
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1. Introduction
Sediment–laden floods, such as debris flow, often cause devastating damages to human properties and lives, so
that it is necessary to prevent them from plunging into residential area. Therefore, estimation of hydraulic 
characteristics of debris flows, such as velocity, flow depth, etc., is an important goal to prepare appropriate 
countermeasures to protect at-risk residential areas. In particular, superelevation of debris flow at curved channels 
can trigger unexpected flooding. Thus, observation of actual behavior of debris flows is important. However, field 
measurement of physical state of debris flows is technically difficult because of the very high momentum of flows 
and hazardous risks at channels. Hence, the parameters for designing mitigation structures are mostly based on post–
event field investigations or laboratory experiments. 
Discussions on superelevation of debris flows started in the early 1980’s. Ashida et al. (1981) discussed 
amplification of roll waves along the outer wall and reduction of superelevation in curves and downstream tangents 
based on free vortex assumption and described derivation of analytical solution of static state superelevation of super 
critical flow in rectangular channel. Mizuyama et al. (1981) introduced correction factor   to the formula mentioned 
above to express superelevation of debris flows in steep and curved channels based on laboratory experiments. Ikeya 
et al. (1982) investigated trace of actual debris flows and found that the correction factor      if the river slope is 
16 degrees, which support the experimental results by Mizuyama et al. (1981). Hungr et al. (1984) summarized 
Mizuyama et al. (1981) and Ikeya et al. (1982) and recommended to use     to calculate superelevation for design 
and       to calculate velocity from superelevation data. Mizuno (2004) conducted experiments introducing a 
flume with two consecutive bending curves and marked that the correction factor of debris flow is larger than that of 
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pure water. Scheidl et al. (2015) conducted laboratory experiments and discussed estimation of debris–flow velocity 
from superelevation and relationship between the correction factor and Froude number. Those discussions of 
superelevation are mostly based on laboratory experiments and there is no report of detailed field observation, yet. 
On the other hand, LiDAR technologies are now popular and used for various field measurements. Application of 
LiDAR sensor to measure debris–flow characteristics can be found for example in Yoshinaga et al. (2017) and 
Takahashi et al. (2018). In this article, we analyzed data from field observation conducted with a laser profile 
scanner (LPS) installed at a volcanic area in Japan. The objective of the field observation is to capture the detailed 
behavior of actual debris flow in the curved channel in order to assess accuracy of correction factor used to model 
potential superelevation with a given velocity. 
2. Method
2.1. Observation site 
The Arimura River is on the Sakura–jima volcano (Fig. 1 (a)), which is one of the most active volcanoes in the 
world and its highest peak rises to 1,117 m (3,665 ft) above sea level. The Arimura River flows from south edge of 
the Minami–dake crater through the southeast slope of the volcano and on to the Kagoshima Bay. The river channel 
curves rightward along the northwest–facing Showa lava cliff (Fig. 1 (b)) and is dry most of the time through the 
year except rainfall events. The observation site is at the Arimura 3
rd
 check dam installed in the Arimura River. 
Catchment area of the check dam is 1.55 km
2
 and the channel is curving at upstream of the check dam. Channel 
length from the edge of the crater to the check dam is 2.5 km and relief ratio is 0.36. Compactness coefficient at the 
catchment area is 1.62. The check dam is unmanaged type and behind the check dam is full of sediment. 
Sedimentation gradient of channel above the check dam is 3.4 degrees. 
Fig. 1. (a) Location map of Sakura–jima volcano; (b) Topographic map of Arimura river basin 
Fig. 2. (a) CCTV image of debris flow at the Arimura 3rd check dam; (b) Survey lines of LPSs 
Sakura-jima
Kyusyu region
Main Islands of Japan
Kagoshima Bay
a
Arimura 3rd Check Dam
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Table 1. Specification of LPS 
Model UXM-30LXH-EWA Hokuyo Automatic Co., Ltd. 
Power Source DC24V, 250mA 
Light Source Semiconductor laser diode λ = 905 nm 
Scanning range 0.1 to 80 m 
Scanning accuracy ±50 mm 
Angular resolution Approx. 0.125 deg. 
Scanning angle 190 deg. 1,520 steps 
Scanning time 50 ms/scan, 20Hz 
Inter face Ethernet 100BASE-TX 
Ambient temperature -10 to 50 deg. C 
Weight Approx. 1,200 g 
Because of volcanic activities such as denudation and volcanic ash falls, debris flows repeatedly occur in the 
basin. Average number of debris–flow occurrence in the basin is 7.5 times per year in past 10 years. CCTV image of 
debris flow at the Arimura 3
rd
 check dam is shown in Fig. 2 (a). 
2.2. Observation device 
To observe the surface profile of debris flows, four LPSs were installed around the Arimura 3
rd
 check dam, and 
the survey lines of the LPSs are illustrated in Fig. 2 (b). The LPS can scan distances from the sensor to obstacles 
with 0.125 degrees pitch in range of 190 degrees on a single line during each scan and the scan rate is 20 scans per 
second. The surface profiles captured by LPSs are converted into a Cartesian coordinate system to evaluate 
horizontal and vertical change of surface profiles and 20 scans are averaged to investigate 1 second averaged surface 
profile. The detail specification of the LPS is shown in Table 1. LPSs 1 and 2 are installed perpendicular to each 
other above the check dam to observe longitudinal and cross–sectional profiles of dropping debris flows from the 
spillway, respectively, and LPSs 3 and 4 are installed upstream of the check dam across a curved segment of the 
river channel to evaluate superelevation from cross–sectional profiles. 
2.3. Evaluation procedure of observed debris flow 
Superelevation of debris flow in a curved channel with a radius of curvature   was proposed by Mizuyama et al. 
(1981) as follows; 




where   ,  ,   and   are superelevation, flow width, flow velocity and gravitational acceleration respectively (Fig. 
3(a)) and   is a correction factor for debris flows. If the flow is super–critical pure water,    . The radius   is 
measured from drawing sheet of the bank protection on left bank of the Arimura river and is 78 m. The channel 
width   is measured from cross–sectional data from LPS. The flow velocity   is estimated from longitudinal surface 
profile of the debris–flow surface as it spilled over the check dam, as scanned by LPS 1. Estimation of flow velocity 
of debris flow was proposed in Yoshinaga et al. (2017) as follows; 





       
(2) 
where  ,   and    are horizontal drop length from spill way of the check dam, vertical drop length from spill way to 
test height and exit flow depth at spill way respectively. The coefficient   expresses relationship between exit flow 
depth and critical depth, and the value is 1.312 according to Hong et al. (2010). Schematic image of dropping debris 
flow is illustrated in Fig. 3(b). 
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Fig. 3. (a) Schematic image of superelevation in rectangular channel with a radius  ; (b) Schematic image of dropping debris flow at check dam 
Fig. 4. (a) Hyetograph on January 17, 2018 at Arimura river; (b) Cross–sectional area and velocity of debris flow at Arimura 3rd check dam 
Fig. 5. Observed profiles of debris flow on January 17, 2018 captured by LPSs 
3. Results
3.1. Observed debris flow 
A debris flow occurred in the early morning (before the sun rise) of the January 17, 2018 and the flow geometry 
was clearly captured by LPSs 1, 2 and 3. Data from LPS 4 contain noise and a surface profile could not be obtained. 
The rainfall was triggered by the passage of the cold front and the debris flow was the first event after September 22, 
2017. The cumulative rainfall was 22 mm and the highest 10–minute rainfall intensity was 8 mm/10 min (Fig. 4 (a)). 
Maximum flow depth was 1.6 m at spill–way of the Arimura 3
rd
 check dam according to the observations at LPS 1. 
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3.2. Investigation of hydraulic characteristics 
The flow velocity is estimated by Equation (2) from free falling drop profile at check dam captured by LPS 1. 
Horizontal drop length and exit flow depth at spill way are evaluated from the observation of LPS1. The debris flow 
shows sudden peak at the front of the flow and the velocity at peak was estimated 3.3 m/s. Temporal change of the 
velocity estimated by data from LPS 1 and observed cross–sectional area at the spill way captured by LPS 2 are 
plotted in Fig. 4 (b). From Fig. 4 (b), cross–sectional area shows a sharp peak at the front of debris flow, but the 
velocity plot shows a plateau during about 5 minutes from the front. Normally, the flow velocity is a function of 
hydraulic radius according to Manning’s formula, but the velocity at the front of the debris flow estimated by 
Equation (2) does not follow the formula. This means the front of the debris flow is subjected to a higher traction 
force and viscosity in comparison with the tailing flow. 
Temporal changes of cross–sectional surface profiles of the debris flow captured by LPS 3 are shown in Fig. 7. 
Superelevation of the debris flow is clearly observed in the first 12 seconds. The observed superelevation of debris 
flow is 2.18 m at the front and diminishes rapidly. 
4. Discussion
Sequential surface profiles observed at LPS 3 were compiled every 3–seconds and used to investigate
superelevation characteristics of the January 17 debris flow. For comparison, the superelevation expected based on 
Equation 1 was also calculated assuming the correction factor is equal to 1. The observed superelevation and 
estimated superelevation based on Equation 1, are compared in Fig. 6, along with the observed flow velocity and 
width. The observed flow shows a relatively large superelevation of the flow surface between the inner and outer 
banks of the curved channel during the first 12 seconds of the flow, and then diminishes over the next 6 seconds to 
the value estimated with Equation 1. In contrast, the superelevation estimated from Equation1 does not show a larger 
superelevation for the surge front.  
The maximum value of superelevation from observation is 2.18 m; by contrast the estimated value is 0.19 m. At 
this time, the correction factor should be 11.5. 
Our observation suggests that superelevation at the front part of debris flows exceeds estimation based on the 
static state assumption. Because of dynamic behavior of the front part of debris flows, rectilinear motion is the 
dominant flow process. Consequently, debris flows can run farther up the side bank of a channel than currently 
estimated. 
5. Conclusion
From our observations, the dynamic behavior of a debris flow was captured clearly with very high resolution both
in space and time. Using observed data, we can evaluate hydraulic characteristics, such as velocity and 
superelevation. Observation of debris flows in the real world is still rare and behavior of flow differs according to 
characteristics of the flow, such as size of grains and density, thus additional observations will be necessary. 













































Comparison of observed and estimated superelevations
Observed superelevation [m] Estimated superelevation [m] Flow velocity [m/s] Flow width [m]
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Surface profile (LPS3) at 4:50:10
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Surface profile (LPS3) at 4:50:13
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Surface profile (LPS3) at 4:50:16
Initial river bed





















Surface profile (LPS3) at 4:50:19
Initial river bed





















Surface profile (LPS3) at 4:50:22
Initial river bed





















Surface profile (LPS3) at 4:50:25
Initial river bed























Surface profile (LPS3) at 4:50:28
Initial river bed























Surface profile (LPS3) at 4:50:31
Initial river bed
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